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Summary 
RNA polymerase I terminates transcription of mouse 
rDNA 565 bp downstream of the 3’ end of mature 28s 
rRNA. This specific termination event can be dupli- 
cated in a nuclear extract system. RNA molecules with 
authentic 3’ ends are transcribed from ribosomal 
minigene constructs provided the templates retain a 
minimal length of downstream spacer sequences. The 
nucleotide sequence of the region of transcription ter- 
mination contains a set of repetitive structural ele- 
ments consisting of 18 bp conserved nucleotides sur- 
rounded by stretches of pyrimidines. Termination in 
vivo occurs within the first element. This site is prefer- 
entially used in vitro at low template concentrations. 
At increasing DNA concentrations a termination site 
within the second repetitive element is used. Compe- 
tition experiments with defined 3’4erminal fragments 
suggest that transcription termination by RNA poly- 
merase I requires interaction of some factor (or fac- 
tors) with the repetitive structural elements in the 3’ 
nontranscribed spacer. 
Introduction 
The recent development of cell-free systems that ac- 
curately initiate transcription of cloned genes has brought 
considerable insight into the promoter sequences of eu- 
karyotic genes and the protein factors that are essential 
for the transcription initiation process. However, far less is 
known about the events involved in transcription termi- 
nation. 
For RNA polymerase Ill catalyzed transcription, the ter- 
mination process does not appear to involve auxillary fac- 
tors. The purified enzyme is capable of accurately and ef- 
ficiently terminating transcription at the 3’ end of the 
Xenopus 5s RNA genes in vitro (Cozzarelli et al., 1983). 
Removal of the cluster of T residues in the 3’ region of 5s 
DNA eliminates termination (Bogenhagen et al., 1980; 
Bogenhagen and Brown, 1981). Thus the information re- 
quired for termination resides in the ability of RNA poly- 
merase Ill to recognize a simple nucleotide sequence 
(i.e., a cluster of four or more consecutive T residues in 
the noncoding DNA strand surrounded by GC-rich se- 
quences) at the end of the gene. 
The termination sites of RNA polymerase II transcrip- 
tion units have not yet been identified. For a number of 
genes, i.e. p-globin (Hofer et al., 1982; Citron et al., 1984), 
cr-amylase of mouse (Hagenbtichle et al., 1984), sea ur- 
chin histone genes (Galli et al., 1983; Birchmeier et al., 
1984; Price and Parker, 1984), chicken ovalbumin (Le 
Meur et al., 1984), and the adenovirus major late genes 
(McDevitt et al., 1984), it has been shown that the tran- 
scribing RNA polymerases read through the sites on the 
DNA corresponding to the sequence at the 3’ end of the 
mature mRNA. Formation of correct 3’termini and polyad- 
enylation requires endonucleolytic cleavage of the pri- 
mary transcripts followed by poly(A) addition. It appears 
that transcription termination itself may occur at a consid- 
erable distance downstream of the poly(A) site and that 
most transcripts terminate heterogenously within a de- 
fined region. The correct 3’ ends of sea urchin histone 
mRNA have been shown to be generated by a processing 
event, the specificity of which is mediated by a sn-RNP 
containing U7 RNA (Galli et al., 1983; Strub et al., 1984; 
Georgiev and Birnstiel, 1985). The protein involved in the 
production of correct 3’ ends of Drosophila histone H3 
mRNA has been partially purified and characterized 
(Price and Parker, 1984). 
For RNA polymerase I, the mechanisms involyed in 
generating the 3’ end of mature rRNA are still elusive. It 
is not clear whether the end of the large rRNA species is 
generated by transcription termination or by 3’-terminal 
processing of a larger precursor. In Xenopus laevis 
(Sollner-Webb and Reeder, 1979; Bakken et al., 1982) and 
Drosophila melanogaster (Mandal and Dawid, 1981) the 3’ 
ends of mature large rRNA and of pre-RNA have been 
reported to coincide precisely. In yeast (Veldman et al., 
1980) and mouse (Kominami et al., 1982) the 3’end of the 
pre-rRNA appears to extend a few nucleotides into the 3’ 
spacer. However, the 3’ end of the first semistable pre- 
rRNA does not necessarily designate the termination site 
of transcription if rapid processing takes place at the 3 
end of the primary transcript. In a recent study we have 
shown that in mouse the primary transcript of the rDNA 
transcription unit contains more than 339 nucleotides of 
3’ spacer sequences (Grummt et al., 1985). This finding 
indicates that RNA polymerase I does not stop transcrip- 
tion at the end of 28s rRNA and that the correct 28s RNA 
terminus is generated by processing events. 
In this study we have mapped the 3’ end of the mouse 
rDNA primary transcript. We show that in vivo rDNA tran- 
scripts terminate 565 bp downstream of the 3’ end of 28s 
RNA. This termination event can be duplicated in a cell- 
free transcription system. The nucleotide sequence of the 
3’ spacer region reveals the presence of eight tandemly 
arranged repeated sequences immediately adjoining the 
first termination site. This repeat domain consists of 18 
highly conserved nucleotides (including a Sal I restriction 
site) imbedded within stretches of pyrimidine-rich regions. 
Transcription terminates within the pyrimidine-rich se- 
quence 25 bp upstream of the first Sal I site. The observa- 
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Figure 1. Mapping of Nascent Pre-rRNA Chains on the rDNA Transcription Unit 
(A) Diagramatic representation of the course of the nucleolar run-on experiment. 
(B) Structure of the ?-terminal Eco RI fragment from the mouse rDNA transcription unit. The black bar represents the 3’ region of the 28s rRNA 
coding sequences. the thinner line, S’spacer sequences. The origin of the subcloned fragments used for hybridization as well as their lengths are 
shown. For details see Experimental Procedures. 
(C) Nascent pre-rRNA chains in isolated nucleoli were labeled in vitro by incubation for 5 min in the presence of aJ2P-NTPs. The labeled transcripts 
were then hybridized to 1 pg of different rDNA recombinant plasmids that have been immobilized on nitrocellulose filters. The plasmids used are 
described in Experimental Procedures. pMrSP contains a fragment from the 5’ end of the ribosomal transcription unit comprising 292 bp of the 
external transcribed spacer. pMrT contains the 3’-terminal918 bp Eco RI-Barn HI fragment, pMr 358 the 277 bp Sma I-Barn HI fragment, pMr 3’BS 
the 255 bp Barn HI-Sal I fragment, and pMr 3’SE the 3300 bp Sal I-Eco RI fragment shown in Figure 18. 
tion that a termination factor (or factors) seems to interact 
with the repeat domain suggests an important role for 
these sequences in the termination process. 
Results 
rDNA Transcription Extends Several Hundred 
Nucleotides into the 3’ Spacer 
In a recent paper we have shown that RNA polymerase I 
does not terminate at the end of the 28s rRNA coding re- 
gion, but reads through into adjacent spacer sequences 
(Grummt et al., 1985). In order to assess more precisely 
how far the ribosomal transcription unit extends into the 
S’spacer, we assayed the distribution of RNA polymerase 
I molecules along 3’-terminal gene sequences by run-on 
transcription in isolated nucleoli. Nascent RNA chains 
were elongated in vitro by short incubation in the pres- 
ence of aJ2P-GTP and unlabeled nucleotides. The la- 
beled RNA was hybridized to immobilized recombinant 
DNAs containing different regions of mouse rDNA. The 
autoradiography of the slot blots is presented in Figure 1C. 
Positive hybridization signals were obtained with rDNA 
fragments derived either from the 5’ end of the transcrip- 
tion unit (pMrSP), from the 28s RNA coding regions 
(pMA), or from the 3’ spacer regions up to the first Sal I 
site at position +589 relative to the 3’ end of 28s RNA 
(pMr3SB and pMr3’BS). After correcting for differences in 
the sizes of the rDNA inserts among the various probes, 
the intensities of the positive hybridization signals appear 
roughly similar. On the other hand, there was no signifi- 
cant hybridization to the DNA fragment encompassing the 
cluster of Sal I sites (see below) and spacer sequences 
farther downstream (pMr3’SE). These data indicate that 
the mouse rDNA transcription unit extends some 600 bp 
beyond the terminus of 28s RNA and RNA polymerase 
stops transcription in the vicinity of the first Sal I site (see 
Figure 1B). 
Production of Faithfully Terminated Transcripts 
from Ribosomal Minigenes In Vitro 
Cell-free systems capable of accurate transcription initia- 
tion on cloned mouse rDNA (Grummt, 1981; 1982; Sollner- 
Webb et al., 1983; Mishima et al., 1982; Skinner et al., 
1984; Yamamoto et al., 1984) have contributed a great deal 
to the identification of essential promoter elements and 
protein factors essential for RNA polymerase I transcrip- 
tion initiation (for review see Sommerville, 1984). In order 
to investigate the molecular mechanisms involved in the 
termination of pre-rRNA transcription, we constructed a 
series of artificial ribosomal minigenes, i.e. rDNA con- 
structs that represent fusions between the promoter re- 
gion (from -169 to +155 relative to the initiation site) and 
different fragments derived from the 3’ region of the 
ribosomal gene repeat (Figure 2). These constructs were 
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Figure 2. Schematic Diagrams of the Mouse rDNA Repeat Minigene Constructs, and RNAs Synthesized in the Cell-Free Transcription System 
(A) Mouse rDNA repeat. The diagram shows one ribosomal repeat unit which encodes 45s pre-rRNA. The solid bars represent the lES, 5.8S, and 
28s rRNA coding sequences, the hatched bars transcribed spacer regions from the 3’ETS and the ITS region, the open bar 3’-terminal transcribed 
spacer, and the thin line nontranscribed spacer sequences. 
(6) The promoter and terminator region used for the minigene constructs. 
(C) rDNA minigene constructs used in this study. 
(D) RNAs synthesized in the cell-free transcription system. Lanes with odd numbers, linear DNA templates; lanes with even numbers, circular DNA 
templates. Lanes 1 and 2, pMrPT; lanes 3 and 4, pPTSE; lanes 5 and 6, pPTH; lanes 7 and 8, pPTBH; lanes 9 and 10, pPTBH*. 
tested in the cell-free transcription system for their ability The synthesis of these transcripts was not affected by 
to generate correctly terminated transcripts, i.e. molecules high concentrations of cr-amanitin, indicating that they 
that have 3’ ends identical to cellular pre-rRNA. were synthesized by RNA polymerase I (data not shown). 
The clone pMrPT, in which a 445 bp Bst NI-Barn HI frag- 
ment (from -112 to +334 relative to the 3’ end of 285 
rRNA) had been fused to the promoter region, did not 
promote specific termination of RNA polymerase I tran- 
scripts. Templates linearized with Barn HI yielded tran- 
scripts approximately 740 nucleotides long, a size corre- 
sponding to the distance between the initiation point and 
the Barn HI restriction site (Figure 2D, lane 1). Circular 
pMrPT directed the synthesis of long readthrough 
transcripts (lane 2). These data are consistent with the 
nucleolar run-on experiment (previous section) and our re- 
cent analysis of in vivo transcripts (Grummt et al., 1985) 
both indicating that transcription proceeds beyond the 
Barn HI site up to the cluster of Sal I sites in the 3’spacer. 
We therefore assayed further spacer sequences for their 
ability to stop RNA polymerase I movement along the 
rDNA template and to generate RNA molecules with cor- 
rect 3’termini. The minigene construct pPTSE, which con- 
tains about 3.3 kbp of 3’ spacer sequences (from +58 to 
approximately +3350), directed the synthesis of two barely 
separable RNA species with lengths corresponding to ap- 
proximately 650 and 700 nucleotides (Figure 2D, lanes 3 
and 4). The size of these two transcripts, which are synthe- 
sized both on linear and circular templates, corresponds 
approximately to the distance from the initiation site to the 
first Sal I site at position +589 in the spacer (see below). 
The 3’ End of Pol I Transcripts Synthesized 
In Vitro Coincides with that of Cellular pre-rRNA 
The data of the nucleolar run-on experiment and the 
lengths of the in vitro transcripts of the pPTSE minigene 
template indicated that transcription termination takes 
place in the vicinity of the cluster of Sal I sites in the 
spacer. In order to map more precisely the 3’ end of pre- 
rRNA, Sl nuclease protection experiments were carried 
out. The Barn HI-Eco RI spacer fragment was 3’-end- 
labeled at the Barn HI site (position + 334) and hybridized 
to either nuclear RNA (Figure 3A, lane b) or to RNA syn- 
thesized in vitro from pPTSE (lane a). 
Nuclear RNA gave rise to a unique protected band 
about 230 nucleotides long. The same band was ob- 
served in the reactions containing the transcripts synthe- 
sized in the nuclear extract system. This means that the 
B’termini of rDNA transcripts synthesized both in vivo and 
in vitro map at the same position. In addition to this major 
band (T,) a second fragment approximately 285 nucleo- 
tides long was protected by the in vitro transcripts (TJ. 
This second band was hardly detectable at low template 
concentrations and became much more pronounced if 
the amount of DNA in the transcription assays was in- 
creased (see below). The data suggest that there are two 
tandem termination sites used in vitro, and indicate that 
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Figure 3. Nuclease Sl Mapping of the 3’ Ends of rDNA Transcripts 
Synthesized In Vivo or In Vitro 
(A) The Barn HI-Eco RI fragment from pMir 4.3 was 3’-labeled at the 
Barn HI site and hybridized to 10 rg nuclear RNA from Ehrlich ascites 
cells (lane b) or RNA synthesized in a 125 ~1 assay using pFTBH as 
template (lane a). After treatment with Sl nuclease and phenol/chloro- 
form extraction, the ethanol precipitated samples were denatured and 
analyzed on a 8% sequencing gel along with pBR322/Hpa II size 
markers (M). 
(B) Mapping of the 3’ ends of transcripts synthesized in the cell-free 
system programmed with different minigene constructs. The ex- 
perimental conditions were the same as those described in (A). 
the two pPTSE transcripts observed on nondenaturing 
gels represent RNAs with different 3’ ends and do not re- 
flect different conformations of one RNA moiety. 
Sequence Requirements for Termination In Vitro 
To delimit the sequences required for faithful termination, 
a set of plasmids containing shorter 3’ spacer sequences 
fused to the polymerase I promoter (see Figure 2C) was 
constructed. In the plasmid pPTH a Hinf I fragment con- 
taining 355 bp from the S’end of the 28s RNA coding se- 
quence and 712 bp of adjacent spacer sequences was 
fused to the rDNA promoter fragment. Faithfully termi- 
nated RNA chains are expected to be 1075 bases long. As 
shown in Figure 2D (lanes 5 and 6) a defined transcript, 
the size of which corresponds to approximately 1100 
nucleotides, is synthesized both from the linear and circu- 
lar template, thus indicating that sequences downstream 
of the Hinf I site of the 3’ spacer are not required for 
specifying the termination site. Moreover, it is noteworthy 
that no shorter transcripts were detected that could cor- 
respond to in vitro processing products of this transcript. 
If the enzyme (or enzymes) responsible for the formation 
of the 3’ end of the mature 28s rRNA were active under 
the assay conditions used, a 510 base transcript should 
be observed. However, no RNA of this size was produced 
in the cell-free system. We therefore conclude that the 
nucleolytic enzymes that generate the 3’terminus of 28s 
RNA are not present or active in the cell-free transcription 
system. 
In a subsequent set of experiments, a smaller construct 
was studied in order to delimit more precisely the se- 
quence requirements for termination. In pPTBH the 3 
Barn HI-Hinf I spacer fragment (from +334 to +712) was 
fused to the 5’ rDNA region. When truncated with Eco RI 
closely behind the Hinf I site, three RNA bands were ob- 
served. Their lengths (385,440, and 540 nucleotides long) 
correspond precisely to what would be predicted for tran- 
scripts terminating at site T,, at site T,, and for read- 
through transcripts, respectively. Sl nuclease protection 
experiments with the RNAs transcribed both from the 
pPTH or pPTBH templates showed the same pattern of 3’ 
ends as those transcribed from pPTSE (Figure 38). This 
suggests that the region between +334 and +712 con- 
tains all the sequence information required for specific ter- 
mination. If the Barn HI-Hinf I fragment was fused to the 
promoter fragment in reverse orientation (pPTBH*, Figure 
2C), only readthrough transcripts were generated (Figure 
2D, lanes 9 and lo), indicating that the termination signals 
contained within the Barn HI-Hinf I fragment are highly 
dependent upon the polarity of the sequence relative to 
the direction of transcription. 
Sequences Downstream of the Termination Site 
Are Required for Accurate Termination 
As shown above and as will be described below in more 
detail, the leftmost Sal I site at +589 is part of a repetitious 
region located downstream of the termination site. In order 
to assess the potential involvement of these repetitious se- 
quences in the termination process, a more severely trun- 
cated template was constructed. The promoter-terminator 
gene fusion pPTBS contains only 255 bp of 3’ spacer se- 
quences, extending from the Barn HI site to the first Sal 
I site. When tested in vitro for its ability to generate cor- 
rectly terminated transcripts, negative results were ob- 
tained: no specific termination could be detected at any 
DNA concentration (Figure 4, lanes 4-6). It is important to 
note that pPTBH, which contains only 123 bp of additional 
downstream sequence as compared to pPTBS, faithfully 
terminates transcription at both sites T and T, (lanes l-3). 
It therefore appears that the additional 123 bp Sal I-Hinf 
I segment present in pPTBH must contain essential signal 
sequences for termination. 
The Termination Process Requires Interaction of 
DNA-Binding Proteins with 3’ Spacer Sequences 
We have noticed that the relative amount of RNAs termi- 
nated at the tandem termination sites T and T, varied in 
different experiments depending on the concentration of 
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Figure 4. Transcripts Synthesized In Vitro from pPTEH and pPTBS 
Three different concentrations of the circular plasmids pPTBH (lanes 
1-3) and pFTBS (lanes 4-6) were used as templates in the cell-free 
system. The labeled RNAs were analyzed on a nondenaturing 4% 
polyacrylamide gel. Transcripts terminated at the first or the second 
termination site are marked T and T,, respectively. The molecules on 
top of the gel represent readthrough transcripts. Lanes 1 and 4, IO ng 
DNA150 ~1 assay; lanes 2 and 5,20 ng DNA; lanes 3 and 6,50 ng DNA. 
template DNA and the extract preparations used in the in 
vitro assay. The effect of increasing amounts of DNA on 
the production of correctly terminated or readthrough 
transcripts was therefore more systematically investi- 
gated. As shown in Figure 5A, at low concentrations of 
the template pBTBH/Eco RI all transcripts terminated ex- 
clusively at the in vivo site T,. When the DNA concentra- 
tion in the assays was progressively increased, a greater 
amount of RNA molecules terminated at the downstream 
site T, and readthrough transcripts were observed. This 
result suggests that termination is brought about by a DNA 
binding protein (or proteins) that is present in the extracts 
in limited amounts. At high protein:DNA ratios (i.e., at low 
DNA concentrations) most of the template molecules will 
have bound the factors required for both faithful initiation 
and termination-a state that probably mimics the in vivo 
situation. At decreasing protein:DNA ratios the probability 
that a template molecule will interact with both the initia- 
tion and termination factor (or factors) becomes progres- 
sively lower, finally resulting in the predominant produc- 
tion of readthrough transcripts. 
In order to test this possibility and to gain some informa- 
tion about the sequences potentially involved in such a 
factor-DNA interaction, a series of competition experi- 
ments was carried out. The assays contained a constant 
amount of the template pPTBH linearized with Eco RI and 
increasing amounts of 3’terminal spacer fragments which 
were subcloned in pUC9. As shown in Figure 58 addition 
of an excess of the Barn HI-Hinf I spacer fragment 
(pMr3’BH) abolished termination and mainly produced 
readthrough transcripts. This result indicates that this 
rDNA fragment effectively competes for the termination 
factor (or factors). In order to identify more precisely which 
part of the Barn HI-Hinf I fragment was involved in this 
factor-mediated process, the competition experiment was 
repeated with two subsegments of this spacer fragment. 
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Figure 5. Competition of 3’Spacer Sequences for Termination Factors 
(A) Increasing amounts of pPTBH/Eco RI were incubated for 60 min 
in the standard transcription assay containing 30 ~1 nuclear cytoplas- 
mic extract. The labeled RNA was analyzed on a 4% nondenaturing 
polyacrylamide gel. 
(B) The assays contained 15 ng of template DNA (pPTBH/Eco RI) and 
different amounts of competitor DNA pMr3’S.H. The total DNA concen- 
tration per reaction was 165 ng. Lane 1, addition of 150 ng pUC9; lane 
2, addition of 75 ng pUC9 and 75 ng pMr3’BH; lane 3, addition of 150 
ng pMr3’BH. 
The competitor DNAs used were pMr3’BS a plasmid en- 
compassing the region between the Barn HI and the first 
Sal I site (from +334 to +589), and pMr3’S.S which con- 
tains the region between the first and the second Sal I site 
in the spacer (from +589 to +644). 
Figure 6 shows the result of such a competition experi- 
ment. Whereas pMr3BH at a fivefold molar excess almost 
completely eliminated termination (lane b), the same 
amount of pMr3’BS hardly affected the termination pro- 
cess (lane d). This result is consistent with the transcrip- 
tion data shown above, indicating that sequences down- 
stream of the first Sal I site are required for efficient 
termination. The sequences contained in pMr3’SS sup- 
pressed specific termination, but at a lower extent than 
pMr8BH (lane c), suggesting that sequences both up- 
stream and downstream of the Sal I restriction site contrib- 
ute to the termination process. 
The Sequence of the Termination Region 
of Mouse rDNA 
In order to identify the sequences possibly involved in the 
termination process, the primary structure of the S’spacer 
region was determined (Figure 7). The initial Sl mapping 
experiments located the 3’ end of mouse pre-rRNA ap- 
proximately 230 bp downstream of the Barn HI site at posi- 
tion +334 (Figures 3A and 38) indicating that the tran- 
scription unit extends about 560-565 bp into the spacer. 
A more precise localization of the 3’ terminus has been 
achieved by comparing the mobility of the Sl nuclease 
protected 3’ spacer fragment with the Maxam-Gilbert se- 
quencing ladder of the same DNA on high resolution gels. 
These experiments (not shown) revealed a protection up 
to an adenine at position +565. Thus transcription termi- 
nation appears to take place in front of a run of T residues 
25 bp upstream of the first Sal I site in the spacer. The sec- 
ond termination site (TJ, which is used in vitro at higher 
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(pF’TBH/Eco RI) were incubated in the pres- 
ence of a fivefold molar excess of competitor 
DNA in the standard in vitro transcription 
mm-- n-rar(lh assay. 
template concentrations, is mapped 55 bp farther down- 
stream as shown both by Sl protection experiments and 
by direct sizing of the in vitro transcripts (Figures 3 and 5). 
The structural features of the second site, TZ, are very 
similar to those of T,. Both sites reside within a long 
pyrimidine stretch in the noncoding strand, immediately 
upstream of a series of T residues. 
The repetitious Sal I sites in the spacer are part of a con- 
served 18 bp sequence AGGTCGACCAGI$NTCCG (num- 
bered boxes in Figure 7). The only variations among the 
eight units (the “Sal I boxes”) are found at positions 12-13- 
14 (relative to the S’nucleotide of the box). A more detailed 
analysis of the structural features of the 3’ spacer se- 
quences encompassing the termination signals will be 
presented elsewhere (Bachellerie et al., unpublished). 
Discussion 
In a previous report we have shown that the rRNA tran- 
scription unit extends a few hundred nucleotides beyond 
the 3’ end of 28s rRNA (Grummt et al., 1985). We have 
concluded that in mouse the 4% RNA species, the 3’end 
of which was mapped 30 nucleotides downstream of the 
terminus of 28s rRNA (Kominami et al., 1982) must repre- 
sent a processing intermediate rather than a primary tran- 
script. The experiments described in this paper suggest 
that the rRNA terminus is generated by two clearly sep- 
arable processes: transcription termination at position 
+565 in the 3’ spacer, and processing of the pre-rRNA to 
yield genuine 3’ ends of 28s RNA. This situation is very 
similar to the 3’ termini formation of mRNA. It has been 
reported by several groups that RNA polymerase II con- 
tinues several hundreds or even thousands of bases past 
the poly(A) site before it stops chain elongation and 
releases the new RNA molecules from the template. The 
termination sites of RNA polymerase II transcription units 
have not yet been defined at the nucleotide level. Nuclear 
run-on experiments indicate that in most genes studied so 
far termination by RNA polymerase II does not occur at 
one precise point but rather within a defined region. In this 
respect there seem to be remarkable differences in the 
termination processes of RNA polymerase I and polymer- 
ase II. We have shown that in the mouse system RNA poly- 
merase I stops transcription at a defined position in the 3’ 
spacer region. The site of transcription termination is 
flanked by repetitive structural elements, including the 
“Sal I box.” The nucleotide sequence of the 18 bp “Sal I 
box” is AGGTCGACCAGi$NTCCG with an 11 bp and 4 bp 
perfectly conserved submotif separated by three more 
variable positions. For other mammals the termination site 
for RNA polymerase I has not yet been determined. There- 
fore we cannot compare the mouse termination region 
with other ribosomal transcription units. The data on the 
structural organization of rat DNA (Braga et al., 1982) and 
the sequence data on the human 3’ spacer region (La 
Volpe et al., 1985) are consistent with the possibility that 
repetitive sequence motifs homologous to the “Sal I box” 
repeats are also present at a similar location. In rat the 6 
bp Sal I recognition sequence is present and tandemly 
repeated eight times over an area of less than 1 kb, start- 
ing about 0.5 kb downstream of the 28s RNA sequence 
(Braga et al., 1982). In humans a rather complex repeti- 
tious region including an 11 bp conserved sequence motif 
(GGGTCGACCATG) very similar to the “Sal I box” is located 
in the 3’ spacer (La Volpe et al., 1985). This analogous 
structure, as well as the presence of long T-tracts within 
this repetitious region, suggests a similar function of these 
sequences. It furthermore raises the possibility that 3’ex- 
tensions of primary rDNA transcripts and duplication of 
termination signals could be a common feature of mam- 
malian ribosomal transcription units. 
In vivo RNA polymerase I stops pre-rRNA synthesis in 
front of the first box, 25 bp upstream of the Sal I site in the 
conserved sequence elements. This termination site (lJ 
is also preferentially used in vitro provided that the termi- 
nation factor (or factors) is present in excess. At increasing 
DNA concentrations in the in vitro assays a second termi- 
nation site (T,) upstream of the next repetitive element is 
also used. 
Inspection of the termination sites at the sequence level 
shows that termination both at site T1 and site T, occurs 
upstream of the conserved sequence element in front of 
a run of thymidines in the noncoding strand. It is likely that 
T-clusters play a fundamental role in the termination pro- 
cess of all three classes of eukaryotic RNA polymerases. 
In Tetrahymena (Niles et al., 1981; Din et al., 1982) yeast 
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Figure 7. Sequence of the Mouse rDNA Termi- 
nation Region 
The sequence (noncoding strand) extends 
over 1166 nucleotides from the first position 
downstream of the 3’end of mature 28s rRNA. 
The 3’ transcribed spacer (565 nucleotides) is 
delineated by the large box. The 18 bp se- 
quence motifs (encompassing Sal I sites), 
which are repeated in the nontranscribed 
spacer immediately downstream of the termi- 
nation site, are boxed (and numbered under 
the box). Pyrimidine-rich tracts (at least 10 
nucleotides long with a pyrimidine content of 
80%) are underlined by dots. 
(Veldman et al., 1980), Xenopus laevis (Sollner-Webb and 
Reeder, 1979), and mouse (this report), the noncoding 
DNA strand of rDNA contains a cluster of thymidines im- 
mediately downstream of the putative termination site. 
Furthermore, a cluster of thymidines has been shown to 
be a required component of precise termination by poly- 
merase III (Bogenhagen and Brown, 1981; Cozzarelli et 
al., 1983). For polymerase II, an 8 bp T-rich sequence, 
TTTTTATA or derivatives thereof, seems to be involved 
in termination of transcription of the yeast iso-cytochrome 
Cl gene (Zaret and Sherman, 1982) and the Drosophila 
ADE-8 gene (Henikoff et al., 1983). A T-tract has been sug- 
gested to be necessary, but not sufficient, for termination 
of the ovalbumin gene transcription (Le Meur et al., 1984). 
The presence of several successive U residues at the end 
of the rho-independent bacterial transcripts has led to the 
proposal that the T-tract represents a hot-spot for the en- 
zyme release (Holmes et al., 1983), in agreement with the 
marked instability of oligo (dA:rU) hybrids (Martin and 
Tinoco, 1980), which may facilitate the dissociation of the 
transcription complex. 
Functional studies on the sequences that are essential 
for polymerase I transcription termination provide strong 
experimental evidence for an important role of the 18 bp 
“Sal I box” present in at least eight successive repeat units 
in the nontranscribed spacer. The following experiments 
support this conclusion. First, when the integrity of the 
“Sal I box” is destroyed by cleaving the minigene con- 
structs with Sal I, then termination is abolished. Second, 
the “Sal I box” represents the only recognizable sequence 
element common to the region downstream of both the 
faithful in vivo site (T) and the secondary in vitro site (TJ. 
The distance between the two “Sal I boxes” corresponds 
to the difference in length of the RNA molecules termi- 
nated at sites T, and T,, respectively. Third, termination 
was completely abolished when DNA subclones contain- 
ing the intact 18 bp element were used in competition ex- 
periments. However, when the “Sal I box” was interrupted 
by cleavage with Sal I, the resulting fragments containing 
sequences upstream and downstream of the Sal I site 
exhibited different competitive abilities. Sequences up- 
stream of the Sal I site competed very weakly for termina- 
tion factor (or factors). The region downstream of the Sal 
I cleavage site was much more efficient in the competition 
assay, although the binding capacity was only 50% as 
compared to the intact element, suggesting that the in- 
tegrity of the 18 bp sequence motif is important for binding 
of putative termination factor (or factors). 
The involvement of chromatin-bound factors in the ter- 
mination of pol I gene transcription has been suggested 
by Leer et al. (1979). These authors have identified a pro- 
tein fraction essential for the production of 355 pre-rRNA 
in isolated Tetrahymena nucleoli. If this protein is removed 
(e.g., by salt washing or detergent treatment) a longer pre- 
rRNA is produced. Addition of the purified protein to the 
salt-washed nucleoli engaged in transcription results in 
production of the normal 3.5s pre-RNA, whereas addition 
of the protein factor to completed extralong pre-rRNA has 
no effect. Thus, the protein factor is not a processing en- 
zyme, but seems to be a transcription termination factor, 
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in the cell-free svstem. are released from the DNA tem- 
and these results imply that the 3% pre-rRNA is a direct 
product of transcription termination. 
The molecular mechanism by which the stop of chain 
elongation and the release of both polymerase I and the 
nascent RNA chains are brought about is not yet under- 
stood. It may involve an interaction of the DNA-bound fac- 
tor (or factors) with either the RNA, the polymerase I, or 
other factors that may facilitate the termination reaction. 
Recent experiments in this laboratory have shown that the 
RNA molecules, which have been initiated and terminated 
ing from position -169 in the 5’ NTS to +589 in the 3’ spacer was 
cloned into pUC9. 
pMr3’BH, pMr3’B.S, and pMR’SS 
The competition experiments were performed with subclones of 
FTBH. pMr3’BH contains the Barn HI-Hinf I (+334 to +712) spacer 
fragment, pMr3’BS the 255 bp Barn HI-Sal I (+334 to +569), and 
pMi3’SS the 55 bp Sal I fragment (+589 to +644) cloned into pUC9. 
pMr1; pMr3?%3, and pMr3’SE 
These plasmids as well as pMr3’BS (see above) were used in the 
nucleolar run-on experiment. The clone pMrT contains a 918 bp Eco 
RI-Barn HI fragment from the 3’ region of the rDNA transcription unit, 
extending from position 4129 within the 28s RNA coding region (Has- 
contains 3’ spacer sequences from +58 to +334. pMr3’SE contains 
souna et al., 1984) to +334 in the 3’ spacer. The subclone pMr3’SB 
a Sal I-Eco RI fragment which starts at 589 and extends approximately 
3 kb into the 3’ NTS. 
Elongation of Nascent RNA Chains 
Nucleoli were purified for in vitro transcription experiments as de- 
scribed before (Grummt et al., 1976). Approximately l-3 x 10’ isolated 
nucleoli in 100 ~1 of 0.34 M sucrose/O.05 mM MgCI, were treated for 15 
min at 0°C with pancreatic ribonuclease (20 pg/ml). This treatment re- 
moves the large amount of endogenous unlabeled rDNA transcripts 
that would compete with the nascent transcripts in the hybridization 
reaction. After addition of 50 units of ribonuclease inhibitor, the 
nucleoli were sedimented twice through 300 ~1 0.88 M sucrose and 
used for in vitro elongation of nascent RNA chains. The transcription 
reaction was performed in a total volume of 150 ~1 containing 10 mM 
Hepes (pH 7.9), 5 mM MgCI,, 85 mM KCI, 10% glycerol, 0.5 mM DTT, 
400 PM each of ATP CTP and UTP, 10 PM GTP 40 FCi @P-GTP (400 
Cilmmol), 30 units RNAasin, and 10’ nucleoli. After incubation for 5 
min at 30% the labeled RNA was extracted from the reaction mixture, 
treated with RNAase-free DNAase (20 rglml) for 5 min at O°C, and hy- 
bridized to different recombinant plasmid DNAs that had been immobi- 
lized on nitrocellulose filters (1 pg DNA/slot) using the Schleicher and 
Schuell Minifold II apparatus. The intensity of the radioactive bands 
was quantitated by densitometric scanning of the autoradiographs. 
plates (U. Maier, unpublished results). This indicates that 
the in vitro transcripts with 3’ ends identical to cellular 
RNA are not generated by pausing of the polymerase I at 
the template, but are the result of a genuine, factor- 
mediated termination reaction that involves DNA-binding 
proteins. We have not been able to observe in the cell-free 
system processing of SP6 transcripts (derived from the 3’ 
spacer encompassing the region between +334 and 
+712) into RNA molecules with 3’ termini identical to ore- 
I  
rRNA (unpublished data). We are therefore rather confi- 
dent that the 3’ ends are not generated by processing of 
longer readthrough transcripts. However, we cannot ex- 
elude at the present stage the possibility that a factor (or 
factors) bound to the DNA template generates genuine 
RNA 3’ termini by a nucleolytic cleavage reaction rather 
than by release of the RNA polymerase. The development 
of this in vitro termination system opens the way for an ulti- 
mate identification of both the factor (or factors) and the 
nucleotide sequences involved in the termination process. 
Experimental Procedures 
Plasmid Constructions 
pMrPT 
The recombinant plasmid pMrPT has been described before (Grummt 
et al., 1985). This construct contains 169 bp of the nontranscribed 
spacer (ETS), 111 bp of the 28s rRNA, and 334 bp spacer sequences 
beyond the 3’ end of 28s RNA. 
pMr14.3 
In order to obtain rDNA regions that contain several thousands of 
nucleotides of the 3’spacer region, a genomic library derived from em- 
bryonic 129/J mice (Wirth et al., 1983) was screened with the probe 
pMr3’SB (Grummt et al., 1985) which contains the 277 bp Sma I-Barn 
HI fragment from position +58 to +334 downstream of the 28s RNA 
coding region. A clone was isolated that starts at the Eco RI site at 
nucleotide 4129 within the 285 rRNA coding region (Hassouna et al., 
1984) and extends to an Eco RI’ site approximately 3 kb downstream 
in the 3’ spacer. The fragment was subcloned into pUC9 and termed 
pMrT4.3. 
pPTSE 
All promoter-terminator gene fusions (except pMrPT) are derivatives 
of pMrWT (Skinner et al., 1984). pMrWT contains a 324 bp Sal I-Sma 
I fragment (from -169 to +155) from the 5’ region of the rDNA repeat. 
In the recombinant plasmid pPTSE a 3.35 kb Sma I-Eco RI fragment 
derived from pMrT4.3 was cloned into the Sma I site of pMrWT. 
pPTH 
A 1067 bp Hinf I fragment containing 355 bp of 28s rRNA and 712 bp 
3’ spacer sequences was blunt-end ligated into the Sma I site of 
pMrWT after the Hinf I ends were filled in by Klenow polymerase. 
pf’TBH 
The 377 bp Barn HI-Hinf I spacer fragment (from +334 to +712) was 
blunt-end ligated into the Sma I site of pMrWT The clone, which con- 
tained the Barn HI-Hinf I terminator fragment in opposite orientation 
relative to the direction of transcription, was designated pPTBH*. 
pPTBS 
pPTBH was digested with Sal I and the 577 bp rDNA fragment extend- 
Preparation of Extracts from Ehrlich Ascites Cells 
and Transcription of the Artificial Ribosomal Minigenes 
Ehrlich ascites cells grown in the peritoneal cavity of the mouse were 
cultured in RPM1 medium containing 5% newborn calf serum. They 
were harvested at a density of l-l.2 x lo8 cells/ml and S-100 extracts 
were prepared as described before (Grummt, 1981). Nuclear extracts 
were prepared according to Dignam et al. (1983). For in vitro transcrip- 
tion lo-150 ng of plasmid DNA were incubated in a 50 pl assay in the 
presence of 30 ~1 of either cytoplasmic (S-100) or nuclear extracts. The 
concentration of components in the assay were: 12 mM Hepes (pH 7.9), 
85 mM KCI, 0.12 mM EDTA, 0.5 mM DTT, 5 mM MgCI,,-10 mM creatine 
phosphate, 0.6 mM each of ATP CTP and UTP, 12.5 FM GTP and 2 &i 
(@P)GTP (specific activity 400 Cilmmol). The mixture was incubated 
for 60 min at 30% and processed for gel analysis as described 
(Grummt, 1981). 
Hybridizations 
The hybridization probes used in the nucleolar run-on experiment are 
described above. One microgram of the recombinant plasmids was ap- 
plied to a nitrocellulose filter and hybridized for 16 hr at 42% to 5 x 
lo5 cpmlml in a buffer containing 50% formamide, 5x SSC, 5x Den- 
hard’s reagent, 20 mM sodium phosphate buffer (pH 6.8) and 100 
rglml denatured E. coli DNA. After hybridization the filters were 
washed under stringent conditions (0.2 x SSC, 0.1% SDS, 30 min at 
60°C). 
Sl mapping experiments were performed essentially as described 
by Berk and Sharp (1977). Ten micrograms of nuclear RNA extracted 
from Ehrlich ascites cells were mixed with 3-5 x lo5 cpm (specific ac- 
tivity lo6 cpmbg) of the Barn HI-Eco RI 3’ spacer fragment that had 
been labeled at its 3’terminus by Klenow DNA polymerase. After etha- 
nol precipitation the nucleic acids were dissolved in 25 PI of hybridiza- 
tion buffer (80% formamide, 0.4 M NaCI, 0.04 M Pipes, pH 6.4, and 1 
mM EDTA). The reaction mixture was incubated at 80°C for 10 min and 
then at 84% for 3 hr. After dilution with 250~1 of Sl buffer, the hybrids 
were treated for 30 min at 37°C with 60 units of Sl nuclease and sub- 
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jetted to electrophoresis on denaturing 6% polyacrylamide gels. If 
transcripts from the recombinant minigene constructs were to be ana- 
lyzed, the cell-free transcription assay was scaled up to 150 PI and RNA 
was synthesized in the presence of 0.5 mM of the four unlabeled 
nucleotides. The RNAs transcribed in vitro were incubated with 
RNAase-free DNAase and treated as the in vivo samples. 
DNA Sequencing 
Chemical DNA sequencing was performed according to Maxam and 
Gilbert (1980). 
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